The genus Arthrobacter is a group of metabolically versatile, pleomorphic, gram-positive, aerobic soil bacteria that have the capacity to degrade various substrates, including complex hydrocarbons, herbicides, and pesticides, and are involved in steroid bioconversion (reviewed in reference 11). Several industrially exploited bacteria have been assigned to the genus Arthrobacter because they were simply isolated from soil or on the basis of positive Gram staining, morphology, or other phenotypic traits. Significant variation among the species included in the genus Arthrobacter has led to considerations of reclassification throughout the genus.
The DNA of the type species, Arthrobacter globiforrnis, contains 64 mol% G+C, and the cell wall diamino acid is lysine. Arthrobacter simplex has a significantly higher G+C content (72 mol%), and the cell wall diamino acid of this organism is LL-diaminopimelate (LL-DAP) (9, 11) . Sequence and pairwise analyses of 16s rRNAs from several grampositive bacteria have placed Arthrobacter simplex in a group that is evolutionarily distant from Arthrobacter globiformis (30) . Further characterization of high-G+C-content, LL-DAP-containing arthrobacters has led to proposals that either Arthrobacter simplex and another G +C-rich coryneform bacterium, Nocardioides albus, should be placed in a single genus, Nocardioides (19) , or Arthrobacter simplex should be transferred to a separate genus, Pimelobacter (24) . More recent results from a 16s rRNA sequence analysis (2) strongly support placement of these bacteria in the genus Nocardioides and further suggest that another G + C-rich, LL-DAP-containing arthrobacter, Arthrobacter (Pimelobacter) tumescens, should be transferred to the new genus Terra bacter as Terra bacter tumescens (2). Consequently the G+C-rich arthrobacters are now classified in separate genera, suggesting that only those strains having significantly lower G+C contents should remain in the genus Arthrobacter. 16s rRNA sequence analysis has helped substantially in the clarification of the taxonomic status of the G+C-rich arthrobacters at both the genus and species levels.
* Corresponding author.
Industrial processes for producing the antibiotic erythromycin employ the mycelial prokaryote Saccharopolyspora erythraea (reviewed in reference 20) , and studies of the enzymology and genetics of the erythromycin pathway have been focused on this organism (3, 27) . However, French et al. (5) described an alternate process for producing erythromycin A in which they used the non-filamentous soil bacterium Arthrobacter sp. strain NRRL B-3381T (T = type strain). Strain NRRL B-3381T was placed in the genus Arthrobacter solely on the basis of phenotypic traits (5) and is the only non-filamentous bacterium that has been reported to produce the macrolide antibiotic erythromycin. Arthrobacter sp. strain NRRL B-3381T differs from most macrolide-producing bacteria in that it is nonsporulating and produces erythromycin throughout growth, and the only form of erythromycin produced is erythromycin A. These unique characteristics have prompted studies of gene structure and regulation in strain NRRL B-3381T (14, 22, 23) .
Reclassification of the G + C-rich, LL-DAP-containing arthrobacters has led to a detailed characterization of the taxonomic properties of Arthrobacter sp. strain NRRL B-3381T and a comparison of these properties with those of other G+C-rich actinomycetes. In this study, the results of a comparative sequence analysis of 16s rRNAs and fatty acid and peptidoglycan amino acid compositional analyses, in addition to phenotypic characteristics, formed the basis for the recommendation that strain NRRL B-3381 should be the type strain of Aeromicrobium erythreum gen. nov., sp. nov. dioides jensenii NCIB 9770, and Nocardioides luteus NCIB 111455. Bacteriophages were kindly provided by H. Prauser (IMET, Jena, Germany) and included strains A1 (= IMET 5021), X1 (= IMET 5013), X4 (= IMET 5016), and X6 (= ]MET 5059).
MATERIALS AND METHODS

Bacteria
Culture conditions and media. Bacteria were routinely grown on TYE medium, which contained 1% tryptone, 0.5% yeast extract, 0.8% NaCl, and 1.5% agar (all obtained from Difco Laboratories, Detroit, Mich.), or in TYE broth, which contained 1.6% tryptone, 1% yeast extract, 0.5% NaC1, and 0.4% D-glucose. Cultures were incubated at 32°C. The minimal medium used was M9 salts medium (15) supplemented with 0.4% glucose, 2 kg of biotin per ml, 2 pg of thiamine per ml, and 2 kg of nicotinic acid per ml. Phenotypic characteristics were determined by using standard microbiological procedures. Carbohydrates were added to phenol red indicator media (Difco) at concentrations of 0.4% for tests for acid production; Difco reagents (antibiotic disks, urease assay medium, nitrate test reagents, etc.) were used for most assays. Susceptibility to several antibiotics was tested by using a gram-positive MIC panel (Baxter, Sacramento, Calif.). Bacteriophage plaque assays were performed by applying 5-pl portions of a phage lysate to plates which contained soft-agar overlays (TYE broth supplemented with 0.75% agar) and had been seeded with 0.1 ml of an overnight culture.
rRNA preparation, sequencing, and data analysis. RNA was prepared as previously described (28) from bacteria grown to mid-exponential phase in TYE broth. Sequences were determined by using the dideoxy chain termination method (1) adapted for direct RNA sequencing (12) , in which reverse transcriptase and a set for eubacterium-specific primers complementary to 16s rRNA are used (29) . Pairwise evolutionary distances and sequence alignments were determined (30) by using the correction of Jukes and Cantor @), as modified by G. Olsen (described in reference 29). Dendrograms were generated by using the algorithm of De Soete (4).
Lipid, amino acid, and DNA analyses. Fatty acid composition was determined by using suspensions of bacterial colonies that were subjected to saponification, acidic methylation, and gas chromatographic analysis as described previously (17) . Independent analyses were conducted by the National Collection of Industrial Bacteria, Aberdeen, lJnited Kingdom, and Microbial Indentification, Inc., Newark, Del. Isoprenoid quinones were extracted from cells that were grown to mid-log phase in TYE broth, washed twice with deionized H,O, and then analyzed by C,, reverse-phase high-pressure liquid chromatography (18) . Cell wall amino acids were identified as described previously (10) . DNA G + C content was determined by the thermal denaturation method (13) and from the nucleotide sequence of 7,153 base pairs that included the erythromycin resistance gene ermA and adjacent DNA (6a, 23).
Scanning electron microscopy. Cells grown in TYE broth were fixed by adding 1 ml of 6% glutaraldehyde to 1 ml of culture. Following incubation at room temperature for 5 h, the suspension was diluted into 0.1 M sodium cacodylate (pH 7.2), and a portion was applied to a syringe-mounted membrane filter (pore size, 0.1 pm; Nucleopore, Pleasanton, Calif.) saturated with sodium cacodylate buffer. Membranebound cells were washed while they were in the syringemounted holder with 3 volumes of 0.1 M sodium cacodylate. After the membranes were removed from the filtering apparatus, cells were progressively dehydrated in ethanol, critical point dried in a model Samdri-PVT-3B apparatus (Tousi-mis, Rockville, Md.), and then coated with 20 nm of goldpalladium in a model Hummer V sputter coater (Technics, Springfield, Md.). Micrographs were obtained at 20 kV with a model 505T scanning electron microscope (Philips, Mahwah, N.J.).
Nucleotide sequence accession numbers. The GenBank database accession numbers for 16s rRNA sequences are as follows: strain NRRL B-3381T, M37200; and N . simplex ATCC 6946, M37693.
RESULTS AND DISCUSSION
Wall amino acids and G+C content. The predominant peptidoglycan amino acids which we identified were LL-DAP, glutamate, glycine, and alanine. The G+C content of the DNA was 70 mol%, as determined by the thermal denaturation method. A G+C composition of 73 mol% determined from approximately 7 kilobase pairs of sequenced ermA and adjacent DNA supports the denaturation data (6a, 23). Together, the presence of LL-DAP in the peptidolglycan and the high G+C content taxonomically align strain NRRL B-3381T most closely with the nonsporulating actinomycetes genera Nocardioides and Terrabacter (2, 21) . However, as described below, strain NRRL B-3381T can be distinguished from these previously described genera.
16s rRNA sequence. Primers complementary to conserved eubacterial 16s rRNA were used in extension termination reactions to determine the small-subunit rRNA sequence of strain NRRL B-3381T; 36 of the 1,463 nucleotides in the sequence were ambiguous. The levels of sequence similarity, as determined by least-squares additive tree analysis, between strain NRRL B-3381T and other eubacterial species whose sequences have been reported previously are shown in Table 1 . We used our version of the 16s rRNA sequence of N . simplex. Relatively high levels of sequence homology were observed among the G+C-rich bacterial 16s sequences. The dendrogram in Fig. 1 illustrates the distinct 16s rRNA relationships which we discerned.
It is obvious from its rRNA sequence that strain NRRL B-3381T is not appropriately placed in the genus Arthrobacter and that the differences between this organism and related actinomycetes support placement of the bacterium in a separate genus. Strain NRRL B-3381T does appear to be associated with the Nocardioides group, however; within that unit the organism appears to represent the deepest lineage. Its (16s rRNA) evolutionary distances from the other members of the group are generally more than 6%, values that are somewhat greater than the value of 5% that is sometimes used as the limit below which species are thought to belong to the same genus. Our results do not clearly distinguish between the genera Pimelobacter (24) and Nocardioides, however; rather they seem to support placement of these bacteria in a single genus, Nocardioides (2, 19) , despite morphological differences among the organisms.
As determined by rRNA sequence analysis, the LL-DAPcontaining bacterium T. tumescens is associated with Arthrobacter globiformis and Micrococcus luteus. T. tumescens is separated from M . luteus by an evolutionary distance of 7.3 and from Arthrobacter globiformis by an evolutionary distance of 6.2 and so is only peripherally (but specifically) related to these bacteria. However, the 16s rRNA sequences of M . luteus and Arthrobacter globiformis are very similar (evolutionary distance, 3.7), and biochemical and morphological differences not withstanding, assigning these two organisms to separate genera is questionable. Evolutionary distances (corrected) were calculated as described in Materials and Methods. 16s rRNA sequences for all strains except strains NRRL B-3381T and ATCC 6946 have been reported previously (2, 6, 25, 26, 30) . Bacillus subtilis served as an outgroup.
They differ less from each other than members of the LL-DAP-containing Nocardioides group do.
Fatty acid analysis. Methylated cellular fatty acids from strain NRRL B-3381T and several related actinomycetes were identified and quantified by gas chromatography ( Table  2) . Strain NRRL B-3381T contained significant levels of 10methyloctadecanoic acid (30%), octadecenoic acid (29%), and hexadecanoic acid (18%) and substantial amounts of 10methylheptadecanoic acid (9.3%). The levels observed proved to be reproducible in two independent determinations. The fatty acid profiles obtained in our two determina- tions for N. simplex NCIB 8929 differed slightly from the profiles reported previously (19) , but the relative distribution of each chain length was similar. Thus, in a database composed of more than 600 fatty acid profiles of microorganisms (Microbial Identification, Inc.), N. simplex NCIB 8929 was accurately identified. No matching profile was obtained for strain NRRL B-3381T. The distinguishing fatty acid constituent of NRRL B-3381T is hexadecanoic acid (16:0), which was present in significantly lower amounts in the other G+C-rich, LL-DAP-containing bacteria which we examined. Together, 16:O acid, 18:l acid, and tuberculosteric acid species (primarily Me18 acid) constitute a distinctive fatty acid signature for NRRL B-3381T, which should allow new isolates to be readily identified by fatty acid profiling.
Menaquinone analysis. Isoprenoid quinones can be useful in taxonomic descriptions of the nonsporulating G+ C-rich actinomycetes (9, 11, 19) . Accordingly, quinones were extracted (16) first from 50 mg and then from 100 mg of NRRL B-3381T cells grown in TYE broth, and these compounds were analyzed by reverse-phase high-pressure liquid chromatography (18) . In multiple analyses we did not detect peaks corresponding to isoprenoid quinones. In contrast to Nocardioides species, these compounds appear to be absent from strain NRRL B-3381T or are present in very low concentrations.
Bacteriophage sensitivity. Four phages infectious for N. albus, N. simplex, and/or T. tumescens were tested for their ability to form plaques with NRRL B-3381T. The phages were active against the appropriate bacteria as previously reported (21) , forming either clear or turbid plaques. However, plaques were not formed when we used strain NRRL B-3381T. While restriction systems active in NRRL B-3381T might reduce the plating efficiency of lysates prepared on the other strains, the complete absence of plaques suggests the existence of barriers to phage adsorption or phage replication. Thus, phage typing differentiates NRRL B-3381T from the related G+C-rich actinomycetes. Growth and morphology. Because strain NRRL B-3381T is the only known isolate of a non-differentiating bacterium with the capacity for erythromycin synthesis, a description of its phenotypic properties is useful for the identification of new isolates. NRRL B-3381T was an obligate aerobe. Growth occurred on TYE medium at temperatures between 21 and 40°C (optimum temperature, 35 2 2°C). No growth occurred at 18 or 43°C. On defined media, the bacterium required biotin, nicotinic acid, and thiamine. Several carbohydrates were used as carbon sources, including fructose, glucose, glycerol, and sucrose. The level of acid production was generally very low as determined by using phenol red indicator, but growth on fructose resulted in readily detectable acid production. The colony color was beige on TYE medium; on media that allowed even slight acid production there was a yellow tint to colonies in the absence of pH indicator dye. Thus, on sucrose-containing media, such as R2YE (7), the organism produced distinctly yellow colonies. Diffusable brown or purple pigments were variably produced on R2YE plates (but not on TYE plates) after extended incubation at 32°C. Erythromycin was produced (as determined by standard growth inhibition assays with susceptible bacteria) on all nutrient and defined media tested. Additional phenotypic properties of strain NRRL B-3381T are given below and have been reported previously (5) .
The colony morphology of strain NRRL B-3381T was distinguishable from the colony morphology of species belonging to the genus Nocardioides, as well as the colony morphology of T. tumescens. N. simplex and T. tumescens colonies were lighter in color when the organisms were grown on TYE agar (beige or white to off-white) and were raised with defined edges. Strain NRRL B-3381T colonies often had smooth surfaces with thinning edges. A more significant distinction was observed between the colony morphology of NRRL B-3381T and that of N. albus; because of a branching and a quasifilamentous growth habit, colonies of N. albus could be lifted intact from the agar surface.
broth were predominantly irregular rods, although minor pleomorphic shapes were observed at all Cells in growth phases which we examined (24, 48 , and 120 h). Scanning electron micrographs of a 36-h culture (Fig. 2) revealed rod-shaped, irregularly shaped, and spherical cells that were typically smaller than the cells of other aerobic coryneform bacteria. Cell size was variable (approximately 0.5 by 0.5 to 1.2 pm). V-form cells and branching (as sometimes occurs in the genus Nocardioides) were not observed, nor was there a correlation between the age of the culture and the prevalence of rod-shaped or coccoid cell forms.
Summary. Most macrolide antibiotic-producing bacteria are mycelial and undergo differentiation (20) ; thus, these organisms are morphologically and genetically distinct from the unicellular bacterium strain NRRL B-3381T. This suggests that possession of the extensive genetic determinants required for erythromycin biosynthesis by NRRL B-3381T may provide an interesting system for the study of macrolide gene regulation, gene transfer (intergeneric), and gene evolution. Therefore, a clear understanding of the taxonomic position of this bacterium is of interest. The results of the sequence analysis of 16s rRNA indicate that there is sufficient divergence to warrant transfer of Arthrobacter sp. strain NRRL B-3381T to a genus distinct from the genus Arthrobacter as exemplified by Arthrobacter globiformis. This conclusion is supported by the presence of a unique fatty acid profile, the results of bacteriophage typing, and other phenotypic traits, including the capacity for erythromycin synthesis, We propose classification of this erythromycin-producing bacterium in a new taxon, Aeromicrobium erythreum. The additional 16s rRNA relationships which we identified align Aeromicrobium erythreum with the Nocardioides branch of non-sporulating actinomycetes and support the proposal that Nocardioides and Pimelobacter species should be placed in one genus. The relationships which we discerned also suggest that M . Euteus and Arthrobacter globiforrnis strains should be placed in a single taxon.
Description of Aeromicrobium gen. nov. Aeromicrobium (Aer.o.mi.cro'bi.um. N. L. noun Aeromicrobium, aerobic microbe). Biochemical and 16s rRNA sequence data for Arthrobacter sp. strain NRRL B-3381T (5) support the proposal for creation of a new genus and species. Aerobic, gram-positive, isolated from tropical soil. Cells are primarily irregular rods and irregular coccoid forms that are 0.5 by 0.5 to 1.2 Fm. Branching, mycelial, or V-forms not observed. No spores produced. Nonmotile. Colonies are smooth, convex, and beige to amber beige and growing to a diameter of 1 mm in 3 days on TYE agar medium at 32°C. Colonies sometimes have thin, translucent edges.
Growth occurs at temperatures between 21 and 40°C; the optimum temperature is 35 k 2°C.
Biotin, nicotinic acid, and thiamine are required for growth on defined media. The carbon sources utilized include arabinose, fructose, galactose, glucose, glycerol, inositol, ribose, sucrose, trehalose, and xylose. Compounds not utilized are adonitol, inulin, lactose, maltose, manitol, mannose, melibiose, salicin, and rhamnose.
The antibiotic responses include resistance to amoxicillin, ampicillin, cefamandole, clindamycin, erythromycin, imipenem, naladixic acid, nitrofurantoin, norfloxacin, penicillin, rifampin, spiramycin, and tylosin and susceptibility to amikacin, cefotaxime, ceftriaxone, chloramphenicol, ciprofloxacin, gentamicin, hygromycin, kanamycin, neomycin, oxacillin, streptomycin, sulfamethoxazole, tetracycline, thiostrepton, vancomycin, and viomycin.
Catalase positive. DNase weakly positive. Esculin is hydrolyzed. Urease negative. Nitrate is not reduced.
Additional traits described previously (5) include hydroly-
The DNA base composition is 71 to 73 mol% G+C. The peptidoglycan amino acids are alanine, glutamate, glycine, and LL-DAP.
The long-chain fatty acids are predominantly 10-methyloctadecanoic (tuberculosteric), octadecenoic (18: l), and hexadecanoic (16:O) acids. sis of casein, cellulose, gelatin, and starch.
The only known isolation site is Puerto Rican soil. The type species is Aeromicrobium erythreum.
Description of Aeromicrobium erythreum sp. nov. Aeromicrobium erythreum (e.ryth're.um. N . L. adj. erythreum, erythromycin producing). Aerobic, gram-positive, nonsporeforming bacterium isolated from tropical soil. Cells are primarily irregular rods and irregular coccoid forms that are 0.5 by 0.5 to 1.2 Fm. Branching, mycelial, or V-forms not observed. Nonmotile. Colonies are smooth, convex, and beige to amber beige and growing to a diameter of 1 mm in 3 days on TYE agar medium at 32°C. Colonies sometimes have thin, translucent edges.
Biotin, nicotinic acid, and thiamine are required for growth on defined media.
Produces the macrolide antibiotic erythromycin A throughout growth on rich or defined media.
Additional phenotypic and biochemical characteristics are as described above for the genus.
The long-chain fatty acids are predominantly 10-methyloctadecanoic (tuberculosteric), octadecenoic (18: l), and hexadecanoic (16:O) acids.
The DNA base composition is 71 to 73 mol% G+C.
The peptidoglycan amino acids are alanine , glutamate,
The only known isolation site is Puerto Rican soil. The type strain is strain NRRL B-3381.
glycine, and LL-DAP.
